We use first-principles calculations to study pressure effects on the vibrational and superconducting properties of H 3 S in the cubic Im3m phase for the pressure range where the superconducting critical temperature (T c ) was measured (155-225 GPa). The pressure effects were incorporated using the Functional Derivative Method (FDM). In this paper, we present for the first time, the Cooper-Pairs Distribution Functions D cp (ω, T c ) for H 3 S, which will allow to identify the spectral regions where Cooper-Pairs formation at temperature T c is more favorable. We analyzed in detail the pressure effects on the electron-phonon spectral density function α 2 F(ω) and phonon density of states (PhDOS) 
INTRODUCTION
The effects of high pressures on superconducting properties of sulfur hydrides has been an important topic of study and discussion in the last years, even more so when one of them (H 3 S) reached in 2015 the record of the experimental critical temperature (T c ), 203 K at 155 GPa reported by Drozdov et al. [1] . Experimentally it was confirmed that H 3 S superconductor behavior originates from electron-phonon interactions [2] . In electron-phonon superconductors, pressure affects the vibration spectrum and electron-phonon interaction by shifting it to higher frequencies which can enhance or lower the critical temperature depending on details of the system under study [4] . This has been put in evidence by several experimental works [5] [6] [7] [8] [9] [10] [11] [12] [13] .
The relationship between T c and pressure in H 3 S with cubic Im3m structure have been explored theoretically in the framework of Migdal-Eliashberg theory (MET) using different approximations; the Allen-Dynes equation [14] , Allen-Dynes-modified McMillan equation with self-consistent harmonic approximation (SSCHA) [15] , isotropic Migdal-Eliashberg equations [14] for stable isotopes [16] , density functional theory for superconductors (SCDFT) [17] including screened Coulomb repulsion via the random-phase approximation (RPA) [18] . The most of these results reproduce in a good agreement the experimental tendency reported. In general, in these works are proposed possible correlations between superconducting parameters, like the electron-phonon coupling constant (λ) and Coulomb pseudopotential (µ * ), with T c y pressure, but there is no consensus among them. On the other hand, the µ * parameter requires attention, due it has not been yet neither calculated nor measured with enough precision to be useful as the parameter needed to solve the linearized Migdal-Eliashberg equations (LMEE) to obtain an accurate value for T c . But, if experimental T c is known, then by solving the LMEE it is possible to fit µ * [3, 4] .
From electronic and vibrational spectral properties obtained by first-principles calculations for a superconductor material, and taking into account the nature of Cooper-Pairs, González-Pedreros et al. [19] recently reported a novel method to determine a Cooper-Pairs distribution function D cp (ω, T c ), which seeks to find the vibrational energy (ω) regions where
Cooper-Pairs formation at temperature T c is more favorable. The D cp (ω, T c ) function is given by
is the probability at T c that: i) one electron is in energy state , a second one is in energy state + ω, ii) two empty electronic energy states + ω and , iii) two electrons are coupled to a phonon with energy ω, iv) a vibrational energy state ω, v) an additional vibrational energy state ω, and vi) the electrons coupling with a phonon, α 2 (ω). The calculation contains the contribution of all the electrons in the energy interval ±ω s around the Fermi level (E F ± ω s ). For more details, see ref. [19] .
In this paper, we report a theoretical study of pressure effects on the conventional superconductor H 3 S by first-principles calculations for the pressure range where the T c was measured (155-225 GPa). The effects of pressure on T c are incorporated using the Functional Derivative Method (FDM) [4] . The D cp (ω, T c ) is determined following the procedure proposed by González-Pedreros et al. [19] . On the overall, our results agree very well with the experiment tendency and the calculated D cp (ω, T c ) allowed to identify the vibrational energy intervals where for H 3 S the Cooper-pairs are possible.
METHOD OF CALCULATION
The lattice dynamics, phonon densities of states (PhDOS) and the Eliashberg function α 2 F (ω) are calculated using the first-principle pseudopotential plane-wave method based on the density functional theory and the density functional perturbation theory as implemented in the Quantum-Espresso package [21] . We used 70 Ry cut-off for the plane-wave basis. To integrate over the Brillouin zone (BZ), we used for the electronic integration a k-grid of 24 × 24 × 24 and to compute phonon frequencies a q-grid of 8 × 8 × 8 according to the Monkhorst-Pack scheme [22] . We adopted the Vanderbilt ultrasoft pseudopotential [23] and a generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof type (PBE)
for the exchange correlation energy functional [24] .
To solve the LMEE, we used a cut-off frequency, ω cut−of f = 10ω ph where 10ω ph is the maximum phonon frequency to cut the sum over the Matsubara frequencies. In this work, the pressure effects are performed in the range where the high-T C was measured (155-225
GPa) [1] .
The stable structures of the Im3m H 3 S for each pressures are obtained relaxing the internal and external degrees of freedom using the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
quasi-Newton algorithm. This body-centered cubic structure, which reveals the supercon-ducting phase in pressure range 155-225 GPa, was confirmed by X-ray diffraction experiment (150 GPa) [25] .
RESULTS AND DISCUSSION
In Fig. 1 the calculated lattice parameters as a function of pressure and its comparison with other theoretical predictions [16, 26, 27] are shown. It is observed that our results agree well with previous theoretical reports. In general, these predictions have a different around 0.06Å under the experimental value.
FIG. 1. (Colour on-line) Calculated lattice parameters as a function of pressure and its comparison
with other theoretical predictions [16, 26, 27] . The experimental data was reported by Einaga et al. [25] . Inset presents the Im3m structure of H 3 S (obtained by XCrySDen [28] ).
The Eliashberg spectral function α the α 2 F (ω) and PhDOS spectrum toward higher frequencies (hardening), from frequencies greater than 75.4 meV mainly. At 195 GPa the α 2 F (ω) and PhDOS spectrum show a significant decrease in their spectral contribution around 75.4 meV, which entails a gap (∼16 meV) in both spectrum at 225 GPa.
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The total shifting of the α 2 F (ω) and PhDOS spectrum induced by pressure (155 to 225 GPa) reaches ∼49 meV. However, this shifting at frequencies below 75 meV is not greater than ∼3.0 meV. The α 2 F (ω) spectrum at 155 GPa reveals a peak at 21.4 meV, which is not observed in the other spectrum at higher pressures. It is important to note the slight influence of pressure on the peak at ∼45 meV in the PhDOS spectrum, which reveals only a small shifting (≤ 0.6 meV). In general, our α 2 F (ω) and PhDOS spectrum have a good agreement with those reported in the literature [18, 29, 30] . On the other hand, pressure induces a significant decrease in electron-phonon coupling constant (λ), and is important to note its strong correlation with T c . measured [1] and calculated in this work using the FDM, and its comparison with previous theoretical reports [14] [15] [16] [17] [18] . On the overall, the FDM manages to reproduce the tendency of the T c experimental data as a function of pressure reported by Drozdov et al. [1] , it means the decrease in T c with the increase in pressure, with an important agreement in the range of 155-185 GPa. However, our calculations show a dT c /dp = −1.0 K/GPa which is slightly greater than the reported by the experiment (dT c /dp = −0.4). We note that obtaining a good agreement for a specific value of T c does not necessarily imply an adequate reproduction of the tendency experimentally observed as is the case of the results reported by Nakanishi et al. [16] , in which, using the Allen-Dynes equation was calculated at 200 GPa a T c of 186 K with excellent agreement with the experiment, but their data reveal a positive dT c /dp, in total contradiction with the experimental behavior.
In addition, they reported at 150 GPa a T c value of 19 K below the experimental one. On the other hand, the calculations reported by Szcześniak et al. [16] , Flores-Livas et al. [18] and Errea et al. [15] show a dT c /dp ∼ −0.4 with excellent agreement with the experiment, The arrows indicate the important changes in these spectrum. The T c values calculated associated to these spectrums are specified. We get PhDOS by a phonon count by energy interval, and each phonon mode enter at count with the same weight namely one. Similarly, α 2 F (ω) counts phonon modes with lightly difference, each mode is electron-phonon interaction weighted, also each one could to contribute once or more times due to phonon mode is established from electronic energy differences between initial and final electronic states in the transition, i.e. two or more pairs of states are associated with the same vibrational state [39] . Then Eliashberg spec- However, when considering all the pieces of the Cooper-Pairs formation mechanism, these pairs are formed below 80 meV according to those D cp (ω) calculated (Fig. 4(a) ). There
It is observed in Fig. 6a that increase of pressure induces a non-linear decrease of the electron-phonon interaction, which has important effects on the T c (see Fig. 3 ). This decrease is more significant in the pressure range 155-175 GPa, where the decrease of the area under the α 2 F (ω) spectrum is considerably greater (see Figs. 2 and 4(b) ). Important differences with respect to the values reported in other works [14, 17, 18] are observed. On the other hand, Coulomb pseudopotential µ* as function of pressures (Fig. 6b) 
CONCLUSIONS
In this work we present a theoretical study of pressure effects on high-T c superconductivity in the conventional superconductor H 3 S (Im3m). The effects of pressure on T c were incorporated using the Functional Derivative Method (FDM). We present for the first time the Cooper-Pairs Distribution Functions (D cp (ω, T c )) calculated for H 3 S, following the procedure proposed by González-Pedreros et al. [19] .
We observed that pressure induces a decrease of the area under the α 2 F (ω) spectrum substantially in the range of 10 to 90 meV, which correlates in good agreement with the decrease in T c . From frequencies greater than 75.4 meV an almost rigid displacement of the α 2 F (ω) spectrum and phonon density of states (PhDOS) toward higher frequencies is observed. In particular, a peak at 21.4 meV is observed only at 155 GPa. Then we could to think that vibrational state is related with record of high T c = 203 K.
We found that the FDM manages to reproduce the tendency of the pressure dependence of the T c measured by Drozdov et al. [1] Our calculations show a dT c /dp = −1.0.
The D cp (ω, T c )'s reveal that energy interval below 80 meV is where Cooper-Pairs are possible, despite the fact that Eliashberg functions are stronger toward high energy. This is due to D cp (ω, T c ) simultaneously take into account each aspect that involves a CooperPairs, i.e. at T c electronic occupation and vacancy probability, phonon population, and electron-fonon coupling. This result suggests that S-vibration have an important role in the H 3 S superconductivity properties, which explains why T c is quite sensible to change when S atom is substituted by Se.
Finally, the coupling constant λ and Coulomb pseudopotential µ * calculated show an important correlation with T c in total according to Migdal-Eliashberg theory.
